and bound-state QED tests based on precision spectroscopy in atoms, molecules and highly charged ions (see, e.g., [5] [6] [7] [8] [9] [10] ). Moreover, in the pursuit of testing QED ever better, substantial efforts have been made to extract fundamental quantities such as the Rydberg constant R ∞ and the proton charge radius. Both can be obtained from spectroscopy of atomic hydrogen, assuming that QED is sufficiently precise. However, when the CREMA collaboration determined the proton charge radius from spectroscopy in muonic hydrogen (consisting of a proton and a muon), it leads to a considerable (7σ) mismatch with the value extracted from normal (electronic) hydrogen [11] [12] [13] . This mismatch, known as the proton radius puzzle, remains to be explained and requires more spectroscopic measurements, e.g., in systems other than (muonic) hydrogen. Recent results on muonic deuterium [14] reveal that also the deuteron radius is significantly smaller (7.5 σ) than the radius based on normal deuterium spectroscopy.
Introduction
Quantum electrodynamics (QED) theory is a cornerstone of the standard model and one of the best tested fundamental theories in physics. Its predictions have been verified with extreme precision, e.g., by measuring the fine structure constant α derived from measurements of the electron g-factor [1, 2] , interferometric recoil experiments [3, 4] , This includes the use of enhancement resonators with intracavity high harmonic generation [19, 20] , and amplification at full repetition rate [21, 22] , typically leading to infrared pulse energies in the µJ range.
We developed a different approach, based on amplification of only two FC pulses, which combines precision spectroscopy with high-power laser pulses. Amplification of only two pulses leads to orders of magnitude higher pulse energy in the mJ range. The accuracy and resolution are recovered in this case by recording a series of Ramseytype signals, leading to Ramsey-comb spectroscopy (RCS). It features a strong suppression of systematic shifts such as the AC-Stark shift and chirp-induced effects, which are common problems in metrology experiments. The Ramsey-comb method has previously been demonstrated in the infrared on two-photon transitions in rubidium and cesium [23] . Recently we reported on the extension to the deep-UV region [24] , and here we present a detailed account of this experiment. We demonstrate its potential by exciting the 4p 6 → 4p 5 5p[1/2] 0 two-photon transition in 84 Kr at 212.55 nm, and we also report improved isotope shift measurements for the other isotopes.
Ramsey-comb spectroscopy principle
We recall here the key features of Ramsey-comb spectroscopy; a more detailed description can be found in [23, 25] . As the name indicates, the method combines Ramsey spectroscopy [26] with frequency-comb (FC) lasers [27, 28] . Excitation of an atom or molecule is performed with two (short) coherent laser pulses that are selected from a frequency-comb laser. The pulses can be amplified and therefore easily frequency upconverted to cover a wide spectral range (see Sect. 4) . By taking the original pulses from a FC, their coherence can be maintained over long intervals (even seconds), and it becomes possible to record a series of Ramsey signals using different pulse pairs with a delay that is a multiple of the FC pulse repetition time. This we call Ramsey-comb spectroscopy (RCS), leading to interesting new properties compared to standard Ramsey spectroscopy.
It starts with excitation using two coherent pulses, leading to interference between the coherent superpositions induced by each pulse. If the time delay T is changed between the two resonant pulses, while keeping the relative optical phase �φ constant, we observe an oscillation of the population |ρ e | 2 of the excited state according to:
This Ramsey signal from two separate excitations is widely used in, e.g., atomic clocks [29] . To extract the atomic frequency f tr , one must exactly know the time delay T and
the relative phase �φ between the two pulses. These conditions are conveniently met by taking pulses from a frequency-comb laser. A frequency comb is a mode-locked laser whose spectrum comprises equally spaced optical frequencies (modes) separated by the repetition frequency f rep . The modes start at an offset f ceo due to the dispersion and nonlinear effects in the cavity, leading to a spectrum of f n = f ceo + nf rep , where n is an integer. In the time domain, the modes interfere to pulses with a time interval of T rep = 1/f rep , and with a carrier-envelope phase shift from pulse to pulse equal to �φ ceo = 2πf ceo /f rep . Both f ceo and f rep of the laser can be actively stabilized to an ultra-stable frequency reference, e.g., a cesium clock, leading to highly reproducible phase-coherent pulses, as required for Ramsey spectroscopy.
For the Ramsey-comb method, we select two pulses from the FC at multiples N of the repetition time T, initially equal to T rep = 1/f rep . At each macro-delay, NT, the time delay can be adjusted on a (much) smaller scale in steps of tens of attoseconds by tuning the repetition time T rep of the laser. Therefore, the time delay T between the two pulses can be written as:
The micro-delay δt scan provides the right time scale to probe the Ramsey oscillations of the atomic transition frequency. The ability to measure and combine Ramsey fringes from multiples of NT permits a much more precise frequency determination because the Ramsey fringes can be probed on much longer timescales. In addition, the frequency is determined from the phases of the time domain Ramsey signals at each NT. Any phase shift of the Ramsey signals that is constant for each NT will simply shift all the Ramsey fringes together, but will not affect the extracted the frequency. Therefore, any common phase shift does not influence the frequency determination which also enhances the accuracy (see [25] ). This includes an optical phase shift between the excitation pulses. This is initially equal to N × �Φ ceo from the FC, but is perturbed during the subsequent amplification process. The laser system is constructed such that this phase perturbation is constant (typically on the mrad level) as function of the macro-delay NT. Moreover, this also includes any constant phase shift of the atomic phase. For example, the AC-Stark shift manifests itself as a phase shift imprinted on the state superposition during the excitation. As long as the excitation pulse energy is kept constant for different macro-delays, the ACStark effect results in a constant phase shift of the Ramsey signals, which is therefore eliminated in the analysis procedure. The light-shift insensitive nature of the Ramsey-comb spectroscopy combined with high pulse energy for easy frequency conversion are two key advantages compared to conventional direct frequency-comb spectroscopy.
(2) �T = NT + δt
Laser system
The experimental setup is shown in Fig. 1 . The pulse pairs are extracted from a home-built mode-locked Ti:sapphire frequency comb, delivering 4 nJ femtosecond pulses at a repetition rate of 126.6 MHz. The frequency comb is fully referenced to an atomic Cs clock. A pulse pair is selectively amplified in a noncollinear optical parametric chirped-pulse amplifier (NOPCPA). The NOPCPA is designed to provide high gain over a broad spectrum (hundreds of nanometers) and consists of three passes in two BBO crystals [30, 31] (see Fig. 2 ). The system bandwidth is convenient for easy tunability, as the actual amplified spectrum of the comb laser for this experiment is only a few nm wide.
The pump laser is detailed in Fig. 2 . The starting point is a SESAM mode-locked Nd:YVO 4 laser producing 10 ps pulses. The pulse length is increased to 75 picoseconds by spectral clipping; two of them are then selected using fast modulators. Both pulses are then amplified to the 1-mJ level in a grazing-incidence side-pumped Nd:YVO 4 bounce amplifier (detailed in [32, 33] ).
In the post-amplifier, the pulse pair is further amplified to 27 mJ per pulse, using a quasi-CW diode pumped Nd:YAG module (6.35 mm rod diameter, type number REA6308-3P200H from Northrop Grumman). To obtain a top-hat seed intensity profile for this amplification stage, the beam from the bounce amplifier is enlarged to 6 mm, and a center part is selected with a 3.5 mm diameter iris. To prevent diffraction hot spots, the uniform intensity profile at the iris position is relay imaged to the Nd:YAG rod and throughout the whole amplifier. The amplifier is set up in a two-pass configuration as illustrated in Fig. 2 . A Faraday rotator is placed in between the two passes to compensate for birefringence and to couple out the back-reflected beam with a thin-film polarizer. The amplified beam is further relay imaged and doubled to 532 nm to be used as the pump beam for the parametric amplifier.
At each amplification stage of the pump laser, the second pulse is less efficiently amplified compared to the first one due to energy depletion. There is also gain loss from unwanted pulses that are not fully suppressed by the modulators that select the pulses at the start of the amplifier chain. To ensure a pump pulse pair with equal intensities in the NOPCPA, the amplitude of the first pulse is injected with less energy compared to the second one in the bounce amplifier using the modulators. In between the bounce amplifier and post-amplifier, the energy ratio is adjusted (cut) again by changing the timing of the rising slope of a Pockels cell. With active feedback on the Pockels cell timing, the intensity ratio can be controlled and kept constant.Before seeding the NOPCPA, the Ti:sapphire laser pulses are stretched to 12 ps by adding a chirp of 1.2× 10 6 fs 2 combined with wavelength selection of the spectrum via a movable slit in the Fourier plane of a 4f grating stretcher. The sharp spectral clipping of the seeding beam results in a sinc-like pulse in the time domain, offering spectral power at its wings. These wings are strongly amplified in the NOPCPA operating in a saturated regime. Because we use chirped pulses, the amplification in the wings of the pulses corresponds to an enhanced amplification of the 'red' front edge and the 'blue' trailing edge of the pulse, resulting in a spectrum with two peaks as shown in Fig. 3 . It also leads to a separation in time of the two spectral regions and increases the total amplified pulse duration to approximately 20 ps.
Only the FC pulses that overlap in time with the pair of pump pulses are amplified in the NOPCPA. Therefore, the choice of the pump pulse pair determines the time interval between the pair of amplified FC pulses. The FC pulses reach an energy of 1.5 mJ each, with a spectral bandwidth of approximately 3.5 nm centered around 850.2 nm.
The parametric amplification process and self-and cross-phase modulation between all interacting beams can imprint a phase shift on the amplified pulses, depending mostly on the pump intensity [31, 34, 35] . Any differential phase shift �Φ between different pulse pairs can lead to a frequency shift of the excited two-photon transition according to:
The factor 8 accounts for the two doubling stages to the UV (× 4) and the use of two photons to drive the atomic transition (× 2). To measure the influence of the amplification process on the phase of the FC pulses, we use a setup
consisting of a Mach-Zehnder interferometer in combination with spectral interferometry [31, 35] . The two amplified pulses are combined with their respective non-amplified FC pulses which are extracted before the amplification process using a combination of a wave plate and polarizing cube (see Fig. 1 ). The spectral interference between the amplified and original FC pulses is recorded with a camera. From these interference patterns, the relative phase induced by the amplification can be determined.
Excitation scheme
We excite the 4p 6 → 4p 5 5p[1/2] 0 two-photon transition in Kr using 50 µJ deep-UV pulses at 212.5 nm. Two-photon spectroscopy allows the use of multiple pairs of comb modes leading to the same total energy over many nanometers of bandwidth leading to efficient use of power and increased signal to noise compared to one-photon transitions. The deep-UV pulses are generated from the amplified FC laser after successive doubling stages using thin BBO crystals (beta barium borate-β-BaB 2 O 4 ). The first doubling stage is performed in a 1-mm-thick BBO crystal. At this stage, the entire spectrum of the fundamental light is doubled with an efficiency of approximately 35%. We perform the second doubling with two different BBO crystals of 0.5 mm thickness, and a phase-matching bandwidth lower than 0.5 nm. The phase-matching angle of the two last crystals can be adjusted such that they double independently the 'red' or 'blue' edge of the spectrum (see Fig. 4 ).
Because of the cathedral-like shape of the input spectrum, this configuration still results in sufficient intensity in the ultraviolet. The doubling in the last stage is adjusted such that at the center wavelength of the atomic transition no 
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Fig. 2
Pump laser and parametric amplification stages. Two pulses from a master oscillator (Nd:YVO 4 ) are selected and amplified in a double-pass bounce amplifier followed by a single-pass bounce amplifier. The post-amplifier stage consists of two passes in a Nd:YAG module gain medium producing pulses of 27 mJ each, which are used as the pump laser of the NOPCPA. The amplitude of the first pump pulse is adjusted via by the rising-slope timing of a PC gate, such as the two frequency-comb pulses have equal intensities. PC Pockels cell, LD laser diode, TFP thin-film polarizer, 4f-S 4f grating stretcher Fig. 3 Spectrum of the selected FC spectrum before amplification (in dash black line) and after amplification (solid blue line) in the NOP-CPA light is produced. Therefore, excitation is only possible if the 'red' front edge and the 'blue' trailing edge of the pulses overlap in time to match the transition frequency. This is fulfilled by a combination of 'red' and 'blue' parts of the spectrum from pulses that travel from opposite sides. It leads to two spatial positions (where 'red' meets 'blue,' and 'blue' meets 'red') where excitation takes place with a suppressed first-order Doppler shift. At the same time, it eliminates the background signal one would otherwise get due to (Doppler broadened) two-photon excitation from one side. The krypton atoms perpendicularly cross the two counter-propagating UV beams to minimize residual first-order Doppler effects. The atoms are produced in a highly collimated beam with a the combination of a pulsed valve and a double skimmer arrangement (with 0.5 and 3 mm wide aperture at 3, and 25 cm distance to the nozzle, respectively). Because of the chirp in the pulses, the 'red' and 'blue' part of the spectrum are also spatially separated by about 6 mm. This is bigger than the 3 mm diameter atomic beam, and therefore we are able to observe the two collision points where 'red' meets 'blue,' and 'blue' meets 'red' separately (by using a delay line in one of the UV paths to position one of them into the atomic beam). Measurements for both collision points (which were in agreement with each other) have been combined for the final result. After the two-photon excitation, the atoms are state selectively ionized with a 532 nm pulse of a few mJ. It always arrives 4 ns after the second excitation pulse because it is derived from the second pump pulse of the NOPCPA. The generated ions are extracted by applying a 300 V electric potential. This extraction field operates in a pulsed mode to avoid any DC-Stark effect. Because of the bandwidth of the excitation pulses, all isotopes of krypton ( 80 Kr, 82 Kr, 83 Kr, 84 Kr , and 86 Kr) are excited at the same time. Their respective ions are separated in time by a time-of-flight (ToF) detection scheme, after which they are individually detected with an extended dynamical range, channel electron multiplier (EDR-CEM) detector (SJUTS ®). We used the most abundant 84 Kr isotope for the determination of the absolute transition frequency and measured the isotopes relative to this.
Experimental results and analysis
One RCS measurement consists of the observation of two scans of the Ramsey oscillation at two different macrodelay between the deep-UV pulses. We start at N = 2 to avoid any transient effects from the first pulse influencing the signal of the second pulse, e.g., in monitoring the pulse energy using the signal from a photodiode. We choose N = 7 for the second scan as a compromise between a large time interval T which is beneficial for the accuracy (as for any Ramsey-type experiment), and a good signalto-noise ratio (that deteriorates for longer delays due to the finite lifetime of the excited state of 27 ns).
An individual scan is performed by varying the repetition time of the frequency comb over a range of δt such that two periods of the Ramsey oscillations are recorded with a sampling of 14 points. Each point represents an average of the signal amplitude over 350 laser shots. We obtain a complete RCS measurement (two Ramsey oscillations at two different N) in approximately 6 minutes, as shown in Fig. 5 . Such a recording is performed in a back-and-forth sequence, where even numbered data points at N = 2 and N = 7 are measured first followed by the odd-numbered data points at N = 7 then N = 2, to reduce the influence of drift effects (e.g., beam pointing). 4 Fourth harmonic of the amplified FC pulses is obtained using three different BBO crystals. The first crystal doubles the entire spectrum, the second and the third crystal double, respectively, the 'blue' part and the 'red' part of the spectrum (see inset spectral domain). The krypton atoms are excited in a counter-propagating configuration to reduce the first-order Doppler effect. After ionization with a 532 nm pulse (not shown), the ions are detected after a time-of-flight mass selector with a channel electron multiplier. BS metallic beamsplitter, TS translation stage At each N, a cosine is fitted to the Ramsey-fringe based on Eq. 1. The atomic frequency is then found based solely on the phases extracted from these fits [25] . In the simple case when only a single transition is excited, the phase evolves linearly with time, so that only two values of N are needed to extract the atomic frequency. In the RCS method, the frequency is extracted modulo the frequency sampling interval (the biggest interval corresponds to a frequency spacing of f rep ). However, the previous determination [17] is precise enough to resolve the ambiguity. Otherwise, repeating the measurement at different repetition rate would straightforwardly solve it.
We will now discuss several potential sources of systematic errors.
Amplification-induced phase shifts
In order to determine that the amplification process did not alter the relative phase between the excitation-pulse pairs, the relative phase was measured with spectral interferometry (see Sect. 3). Even though absolute phase shifts between the amplified pulses can be on the order of 100 mrad (depending on, e.g., laser alignment), we measured no relative phase shift within a statistical uncertainty of 1 mrad between N = 2 and N = 7. This translates into an uncertainty of 35 kHz in the final determination of the atomic frequency.
The AC-and DC-Stark shift
The AC-Stark shift (or light shift) is a common major source of uncertainty for high-resolution spectroscopy using high laser intensities. The atomic frequency extracted by the RCS method is not affected by the ACStark shift as long as the induced phase-shift is the same for every Ramsey scan. This is ensured by keeping the amplitude of the infrared light-pulses stable within 1% using active feedback via the timing of the Pockels cell gate between the bounce and post-amplifier, as explained previously. To detect any possible residual AC-Stark effect in the UV, we performed a conventional test by varying the UV light pulse intensity with a factor two (using a polarizer and half-wave plate just before the doubling stages). This procedure also tests potential phase shifts induced in the doubling stages itself [17] . The result, illustrated in Fig. 6 , indicates no AC-Stark shift or amplitude-related shift, within a uncertainty of 72 kHz. This uncertainty is comparatively large in view of the other sources of uncertainty due to a relatively low number of measurements that were taken to determine this effect.
To extract the ionized krypton atoms for detection, electric fields are applied that can potentially lead to a DCStark shift. To enable (nearly) field-free excitation, the extraction field was operated in a pulsed mode. For this mode, we calculated a residual electric field of at most 0.17 V/cm. No significant shift was seen when the transition frequency was also measured in a DC electric field of 29.4 V/ cm. Therefore, a negligible effect on the final transition frequency of <1 kHz is expected under the conditions of the pulsed extraction field. 
Doppler shift
The two-photon excitation is performed in a counter-propagating beam configuration in order to reduce first-order Doppler effects. To create the counter-propagating beams, the UV pulses are split using a metallic 50% beamsplitter (see Fig. 4 ). When the UV pulses combine again on the beamsplitter after one round trip through the vacuum apparatus, the exit port shows an interference pattern depending on the alignment of the UV beams. Perfectly counterpropagating beams cancel each other at the beamsplitter, leading to a single dark fringe. This procedure guarantees the collinearity of the two excitation beams with a precision better than 0.01 mrad [36] . Such an angular mismatch can give rise to a frequency shift of 18 kHz according to the following equation [36] :
where θ 1 ≪ 1 is the angle between the two UV beams, v is the atomic velocity and is the excitation wavelength. Another source of first-order Doppler shift stems from our particular resonance condition which requires two excitation pulses with different frequencies (to cancel excitation from a single side). Therefore, even if the light beams perfectly overlap, they must also be exactly perpendicular to the atomic beam. An angular mismatch of θ 2 between the light and the atomic beams leads to a frequency error:
where c is the speed of light and �ν UV is the frequency difference between 'blue' and the 'red' component of the spectrum. Moreover, the use of chirped pulses can lead to a systematic effect as explained in [6] , named chirp-induced first-order Doppler shift (CIFODS). All these effects can be minimized by finding the angle θ 2 for which the average first-order Doppler shift vanishes (when the UV beams are effectively perpendicular to the atomic beam).
To find this situation, we measure the atomic transition frequency for different velocities of the atomic beam. The velocity can be increased by using a mixture of krypton with neon (in a 1:5 ratio) or a mixture of krypton and helium (in a 1:9 ratio). The velocities of pure Kr and the mixtures have been measured using the approximately 40 cm long time-of-flight detection setup. After the deep-UV light excitation, the created ions are directed upward using an extraction field in the vertical direction. Two deflection plates, placed on both sides of the ions trajectory, steer the atomic beam on the detector. The velocity of the krypton atoms can then be calculated based on the geometry of the detection setup and the applied electric fields to steer the ions, see Fig. 7 . We determined a velocity of the pure The angle between the UV beams and the atomic beam is tuned until the difference in transition frequency between the different gas mixtures is undetectable within the statistical uncertainty. The atomic frequency is then extracted by extrapolating to zero velocity based on pairs The large signal of the most abundant isotope 84 Kr strongly affects the operation of the detector, and therefore the signal of isotopes arriving later. This effect can also be seen as a shift of the detector signal baseline after 84 Kr of measurements with different atomic beam velocities. Also the second-order Doppler shift was taken into account for each velocity class, corresponding to 2.3 kHz for pure krypton, 7.4 kHz for the Kr:Ne mixture, and 13.6 kHz for the Kr:He mixture. With this procedure, we determined the Doppler-free transition frequency to be 2820833101688 kHz with a statistical uncertainty of 58 kHz.
Isotope shift measurements
Our time-of-flight measurement enables to resolve the signals of the different isotopes (see Fig. 8 ). Therefore, we can measure the signal for each isotope simultaneously with the 84 Kr signal using multiple boxcar integrators, each set on one isotope (see Fig. 9 ). The isotope shift f 84Kr − f XKr is straightforwardly extracted from the observed relative phase at one single N. The ambiguity of the isotope shift frequency due to the comb-mode spacing is solved by a comparison with previous measurements that have sufficient accuracy [17] . Some of the potential phase shifts that could influence the measurement are common mode in the isotope shift measurement, such as the AC-Stark shift and (to a large extent) the Doppler shift.
There is, however, an effect that does influence the measured isotope shift due to saturation effects of the ion detector. The different bunches of ions for each of the five isotopes are resolved in time and give rise to five peaks spanning over roughly 800 ns, as shown in Fig. 8 . Each peak is equivalent to the detection of approximately 1-10 ions within roughly 20 ns. The EDR-CEM detector is not specified for such high count rates. As a result, the signal from isotopes arriving early in the ToF might influence the signal from isotopes arriving later. This effect potentially distorts the Ramsey signal of the heavier isotopes. The situation is even more subtle, because the amplitudes of the five isotopes signals evolve differently as function of time.
To estimate the influence of the detector we performed the Ramsey-comb analysis procedure with different pulse delays (i.e., different N). Figure 9 shows the simultaneous acquisition of the Ramsey fringes for the isotopes 82 Kr and 84 Kr for N = 2 to 7. The isotope shift f 84Kr − f 82Kr can be extracted from every single N scan. No systematic dependence on N has been observed for the isotopes 80 However, the 86 Kr isotope is strongly affected by the detector saturation effect due to the high abundance and therefore strong signal of the preceding 84 Kr. Significant time was spend on characterizing this effect, and an attempt was made to model it. However, the modeling did not have enough predicting power to improve the accuracy. Therefore, we conservatively base our error on the variation seen between the different measurements at The isotope shift uncertainties have been improved by a factor of 6.5, 4.2 and 3.7 for the isotopes 80 Kr, 82 Kr and 83 Kr, respectively, compared to [17] . The present 86 Kr isotope shift determination is less precise than the previous measurement, due to the saturation effect discussed above. This corresponds to an improvement of the uncertainty by a factor of 34. It shows that high-accuracy spectroscopy with powerful short laser pulses down to deep-UV wavelengths is possible, and with a suppressed AC-Stark effect.
Conclusion
The accuracy of the present deep-UV spectroscopy demonstration is mainly limited by the short lifetime (27 ns) of the excited state. If Ramsey-comb pulses with a longer time delay could be used (e.g., on longer lived states), then the accuracy improves accordingly. This feature gives good prospects for much more accurate spectroscopic measurements in, e.g., molecular hydrogen on the EF←X transition, where the longest lived states (with a low vibrational and rotational quantum number) have a lifetime of ≈200 ns. Likewise, Ramsey-comb measurements could improve the determination of the fundamental vibrational splitting of H 2 by at least an order of magnitude compared to previous measurements [37] .
The demonstrated amplified pulse energy of 1.5 mJ per pulse is also enough for efficient HHG in gas jets, which makes RCS an interesting candidate to measure the 1S-2S transition in He + . The long lifetime of the 2S excited state (1.9 ms) is very useful in this respect, as phase effects due to ionization in the HHG process can be avoided by choosing the pulses at least 200 ns apart. Each laser pulse then sees a fresh gas sample from the jet, and therefore a constant phase shift in the HHG process. Such a measurement could provide important new data to the proton radius puzzle, as the transition can then be compared to spectroscopy of muonic He + ions [13] . 
